Abstract. -An epitaxial La0.67Sr0.33MnO3 thin film covered with a monolayer of colloidal spheres was ion-milled so that structural discontinuities were involved. Nonlinear V -I characteristics have been observed, revealing that the zero-field resistance of the sample decreases with increasing measuring current I. In a magnetic field, however, the resistance varies nonmonotonically with I. An inflexion appears around I = 50 nA. Accordingly, the magnetoresistance also correlates with I. A maximum value as high as −700% (∆R/RH ) is recorded at liquid nitrogen in 1.5 T when I = 1 nA. The drastic current dependence of the magnetoresistance is believed to come from the ion-milling-induced structural and magnetic disorders and to be related to the inelastic scattering of the spin-polarized electrons at the disorders. The possible underlying mechanisms are discussed in detail.
In the past few years, the tremendous interest in the perovskite manganites has converted gradually to the investigation of extrinsic magnetoresistance (eMR) effects [1] . Appreciable low-field eMR has been discovered in systems with structural discontinuities, such as grain boundaries (natural [2] or artificial [3] ), domain walls [4, 5] , insulating second phases [6, 7] , or dimension constrictions [8] [9] [10] . There have been a few reports on resistance change of as large as 500 percent in an applied field of only a few tens of Oersted [11] . The basic physical mechanism behind all these various phenomena appears to be the same, which is likely to be the spin-polarized tunnelling [1] . However, due to the diversity in geometry and the perhaps imperfect domain wall barriers, experiments yield a range of values and consensus has not been reached on either the sign or the magnitude of the eMR ratio. In this letter we present a La 0.67 Sr 0.33 MnO 3 (LSMO) sample with a structural discontinuity induced by ion milling using a monolayer of colloidal spheres as the mask [12] . It shows nonlinear V -I dependence, which indicates that the zero-field resistance decreases monotonically with increasing measuring current I. It is found that the temperature dependence of the sample resistance also changes as measured with different I. Furthermore, the magnetoresistance (MR) increases drastically with decreasing I. As a result, in a field the resistance-current curve, read from the MR hysteresis loops measured with different I, shows an inflexion. The experimental observations can be understood by a combined effect of the current and magnetic field to the magnetotransport behavior at the magnetic domain walls. The epitaxial LSMO thin film was grown on a (001)-SrTiO 3 substrate by pulsed-laser deposition (PLD) [13, 14] . The film was first patterned using conventional wet-etching technique to form a bridge of 30 µm in width and 50 µm in length. After the photoresist was completely removed by acetone, a droplet of colloid with SiO 2 spheres of diameter 0.5 µm was let fall onto the film near the bridge area. The film was then set to spin in a preset speed to spread the colloidal spheres on the film surface, and then put in air at room temperature for 24 hours to desiccate. The bridge area covered with spheres was then checked by atomic force microscopy (AFM) to ensure that there is only one single layer of spheres stacked. The ion milling was carried out using the Oxford Scientific Plasma (OSPrey) Source power supplied by an Advanced Energy RFX-600. Another set of mask was adopted to protect areas other than the bridge. The rf power used was 400 W and the accelerating voltage 500 V. The sample was cooled by liquid nitrogen during the whole milling process. The milling process was deliberately interrupted for several times and the film was moved out from the chamber for complete transport property measurements. The milling was continued till a resistance value higher than 50 kΩ was obtained, meaning that only a few percolation paths exist. The magneto-electrical properties of the bridge were measured using the four-probe method in an applied magnetic field up to 1.5 tesla, parallel to the current direction. Figure 1(a) is the AFM observation of the colloidal spheres on the LSMO film surface. In this 10 × 10 µm 2 region, the SiO 2 spheres are almost closely arranged on the films surface, without serious overlapping, although some defects such as "dislocations" or "grain boundaries" exist. These spheres act very well as a mask during the ion milling, as can be clearly seen in fig. 1(b) . The core area under each sphere forms an island, and the film among three spheres is totally etched off. A narrow conducting path then appears in between two islands due to the shade effect. The length of each patch is no more than 0.3 µm and the width less than 50 nm, noting that the scale for this image is 5 × 5 µm 2 . We have to admit that there are still small areas that have not been covered with spheres, which were fully exposed to the ion radiation afterwards, and thus are completely etched off. With increase of the milling time, the out-of-plane dimension of these pathes reduces, and fewer and fewer of these pathes survive, which finally form a broken 2D conducting network. A spin-polarized electron then must hop through these links to each knot when a current is supplied. We consider these narrow links as a kind of structural discontinuities in the film, which consists of both dimension constrictions and lattice defects caused by ion radiation.
After each milling stage, the temperature dependence of the bridge resistance was measured and all the results are shown in fig. 2 . The curves are denoted by numbers 1-5, representing different ion-milling stages. It is clear that, before ion milling, the bridge behaves like a metal in the temperature range measured, with its insulator-to-metal (I-M) transition temperature higher than 350 K. The curve can be well fitted by R = R 0 +R 2 * T 2 +R 4.5 * T 4.5 , which suggests that the resistance comes from both the single-magnon scattering and the two-magnon scattering process [15] , and thus the conducting electrons in this sample is not fully spin-polarized, at least at a regime near the ferromagnetic transition temperature T c . This is the reason why we carried all the MR measurements mentioned below at liquid nitrogen. With ion milling, part of the films was etched off and the resistance increases. The R-T curve keeps the similar shape as the original one, until finally the room temperature resistance of the sample reaches to ∼ 60 kΩ, and an I-M transition appears around 130 K. Careful investigation shows that, as presented in the inset of fig. 2 , this R-T dependence (denoted by number 5 in the figure) varies as measured with different I. When I was increased from 1 µA to 100 µA, the resistance measured reduced and the I-M transition right-moved, suggesting a nonlinear V -I characteristic of the bridge. It appears that the metallic conducting behavior of the sample was partially recovered as measured with a larger current. Here the thermal effect could be ruled out because asymmetric V -I characteristics have been observed, as will be detailed in the following.
Shown in fig. 3 are the V -I curves of the bridge measured before and after different periods of milling. Numbers in the figure represent ion-milling stages, consistent with those in fig. 2 . Before ion milling, the V -I curve of the bridge at room temperature is linear, complying Ohm's law. As the milling duration prolongs, the resistance of the sample rises and the slope of the V -I curve increases. Finally, the curve becomes nonlinear. The nonlinear dashed line and the line labelled by shaded diamonds are measured for the sample after the final milling stage at 130 K and 16 K, respectively. The nonlinearity increases with decreasing temperature. The first-and second-order differentiations of the V -I curve measured at 130 K are shown in inset a of the figure. One may note that the nonlinearity is significantly asymmetric for positive and negative currents. Reversing the direction of the input current and simultaneously swapping the voltage measurement electrodes led to a curve symmetric to the origin of the coordinate with the previous one, as shown in inset b of fig. 3 . This indicates that the asymmetry of the V -I curve is originated from the sample itself, instead of from the measurement configuration. The asymmetric V -I curves also help to retort the thermal-effect explanation to the inset of fig. 2 . Finally, the curve measured at 16 K exhibits considerable fluctuations. A number of experimental points with very low resistance stick out from the curve. This is a hint that avalanches occur in some instance at this temperature, which may originate from the unique geometry of our device, where many narrow links exist.
Nonlinear V -I characteristics have been observed in many ferromagnetic nanocontacts, such as Ni [9] , Fe 3 O 4 [11] , and La 0.67 Sr 0.33 MnO 3 [16] , or more generally in some ferromagnetic systems with regions of depressed structural and magnetic ordering [17] . For the nanocontacts, it is argued that the nonlinearity may be due to the "magnetic balloon effect" of the domain wall at the geometry constrictions [11] . For the latter, Hofener et al. [17] have given a reasonable explanation based on inelastic scattering of the spin-polarized conducting electrons at a barrier.
To reveal the magneto-transport mechanisms in our sample, after each milling stage we also recorded the magnetic-field dependence of the bridge resistance. Shown in fig. 4(a) are three of the curves recorded at 78 K with a measuring current 10 µA. Before ion milling (number 1), the bridge resistance changes linearly with the applied magnetic field, indicating a good crystallinity of the film. With ion milling (number 3) the curve slope rises, and two small shoulders appear at the vicinity of coercive fields. After the final milling stage, the curve shows clear two-segment feature and greatly enhanced ∆R/R ratio, suggesting an extrinsic MR. Shown in fig. 4(b) are the resistance vs. field loops for the bridge after the final milling stage, measured with different currents. Perfect butterfly-shaped loops were obtained for each measuring current, except that the noise increases when the measuring current and thus the voltage signal is reduced. It is attracting that the MR ratio decreases drastically with increasing measuring current. As I = 1 nA, the bridge exhibits MR as high as −700% if defined as (R Hc − R H )/R H , where R Hc is the resistance at the shoulders of the curve. The value is only −9% as I = 200 µA. The measurement has been repeated for a couple of times later and the observation was roughly the same, except that the zero-field resistance increased gradually with time due to the decay of the sample. The observed remarkable dependence of eMR on the measuring current is unusual and worth of much attention.
Resistances are read from the loops for various measuring currents at H = 0, 0.15, 1.0, and 1.5 T. The results are re-plotted as R-I relations in the top panel of fig. 5 . From these data, V -I curves at H = 0, and 1.5 T are also restored and plotted as in the inset, which is consistent with the nonlinear V -I curves previously observed. Their smoothness may also help to verify the reliability of our experimental data. At the high current end, as can be seen from the top panel, the zero-field resistance of the bridge seems to decrease exponentially with increasing current. As the current is lower than 50 nA, the resistance tends to be saturated. When a magnetic field is present, however, the resistance show a maximum at I = 50 nA, and drops again as the current is further reduced.
In order to reveal the origin of the extremely large MR change as measured with different I, we borrow Lee's classification and rewrite the extrinsic MR ratio into two parts [18] :
where (a−1) is the nonlinear low-field MR coming from the magnetic domain rotation in a field, and bH is the linear high-field part due to the alignment of the originally weakly localized spins. Plotted in the bottom panel of fig. 5 are the data at 1.5 T for different measuring currents. Here we use R Hc to replace R 0 in eq. (1). Careful investigation reveals that although the values of a are scattering with relatively large error bar at low currents, its trend of rising with decreasing I is still clear. a − 1 rises from 3% to 50% as I decreases from 200 µA to 1 nA. Meanwhile, the slope b also rises steadily and drastically with decreasing I, which is apparently the main reason for the extremely large MR ratio measured at small I. We note that the value b in our experiment is fairly high, all above 0.75 with a maximum value of 3.7, as compared with the data of 0.16 in polycrystalline bulks [18] . This implies that the spin disordering at the bridge area is different from that at an ordinary grain boundary. Apparently, at the bridge there are a large number of weakly localized spins that can be aligned in a relatively low magnetic field. We believe that these spins are pinned by the high density of lattice defects induced by ion bombing. It is then also reasonable to suggest that the domain walls at the bridge which are dressed with lattice defects are not "pure". In this case, according to Höfener et al. [17] , inelastic scattering of the originally spin-polarized electrons through localized defect states will occur. With increase of the measuring current I, inelastic tunnelling contributes more and more to the charge transport across the bridge, which can be the reason of the nonlinear V -I curves observed. Since spin polarization may not be conserved in the inelastic scattering, the inelastic tunnelling current does not contribute to the magnetoresistance and the measured eMR ratio reduces accordingly, following [17] 
where I e is the current for the elastic channel. From the zero-field V -I curve shown in the top inset of fig. 5 , we determined the ratio I e /I as a function of I, and took the MR value measured at I = 1 nA as R/R H (I e0 ). While the calculated MR value does decrease considerably with I, its change is much milder than that of the experimental data, as shown in the bottom inset of fig. 5 . Therefore, our experimental observation cannot be fully attributed to the electron inelastic scattering. A second mechanism must exist, especially at lower I < 50 nA, where a steep MR drop occurs but inelastic scattering is ignorable. It is the co-play of the two mechanisms that accounts for the inflexion on the R − I relation in a field. The second mechanism may be the magnetic balloon effect, where the domain walls drift and expand under the spin pressure of the conducting electrons [11] . However, since the dimension information about our device is somewhat vague, strong evidence supporting this assumption is still lacking. Furthermore, it still cannot explain the sharp drop of R H at extremely low I. Another possibility may come from the unique geometric structure (the broken network) at the bridge. Further experiment is necessary to clarify this issue.
In summary, we have introduced structural discontinuities into a La 0.67 Sr 0.33 MnO 3 thin film by ion milling. Nonlinear V -I curves and a great dependence of MR ratio on the measuring current have been observed. While inelastic scattering can be one of the underlying mechanism, another mechanism gets in at low current regime, which is currently unknown. * * * This work is partially supported by the National Natural Science Foundation of China under grant No. 10174093, and the Ministry of Science and Technology under Grant No. NKBRSF-G19990646.
